This paper presents an intelligent method of tuning a flat controller for trajectory tracking of a single link flexible manipulator. The tip position of the manipulator was determined as the flat output. Using the flat output, a feedback control law is designed to stabilize the tip of the end effector and track the reference trajectories. The gains obtained for the flat controller is optimized using particle swarm optimization. Results show fast response to system trajectories, good tracking performance with no overshoots.
INTRODUCTION
Modern flexible manipulators are known to have considerable advantage when compared to the traditionally rigid ones. Their design requirements basically consist of a lighter body mass, low inertia, high speed, lower energy consumption and high positional accuracy at the end-effector. Control for these light weight systems is difficult due to their inherent flexibility and nonlinearity that brings about undesired vibrations. Their main control design aims to achieve fast and accurate responses at the end-effector. Movements at the tip of the end-effector are expected to have little or no vibrations. Flexible manipulators also belong to a class of underactuated robots. For the flexible manipulator under study, it possesses one control input with two outputs. In addition, the flexible manipulator displays non-minimum phase behaviour. Trajectory tracking for these classes of systems can be quite challenging. Hence accurate control design is a prerequisite to achieving good tracking performance. The system dynamics need to operate at an optimal operating point. The controller gains need to be carefully selected to achieve this.
Various control techniques have been applied in the control of these systems. Among these include the classical PID control via pole placement, feedback linearization, fuzzy logic control, sliding mode, H control, linear quadratic regulator (LQR) control and neuro-fuzzy inference system [1, 2] . However the controller gains for these control schemes still needs to be tuned to obtain favorable results. A lot of trial and error is involved in the process of obtaining good performance. The differential flatness based control design mostly depends on pole placement to stabilize the closed loop system. This method does not allow for optimal tuning of the controller gains. Particle Swarm Optimization (PSO) is a fairly recent intelligent evolutionary computational algorithm inspired by the concept of social interaction [3, 4] . Solihin, et al., [5] applied the PSO to tune controller gains for a state feedback control of a flexible manipulator. The optimization of a fuzzy logic controller for trajectory control of a 2DOF robot was presented in [6] . Anene and Veneyagamorthy [7] also used this algorithm to tune a flatness based generator excitation controller. A comparison with other methods showed that the flat controller tuned with PSO algorithm performed better.
In this paper, an intelligent approach to optimizing the flatness based controller gains for good tracking performance of a flexible manipulator is proposed. This approach is based on PSO.
PLANT MODEL DESCRIPTION
The single-link, flexible robot manipulator consists of a d.c motor, an actuated link and an un-actuated end-effector. The link consists of a stainless steel rod, 16mm in diameter and 400mm in length (though the length could be extended to 580 mm). The link and end-effector are mounted on a rotary platform of galvanised steel. The rotary assembly is driven by the d.c motor. There are also two damper springs, a 16mm optical encoder for motion detection. The total weight of the system is 1.435Kg. The manipulator, together with the data acquisition system is shown in the diagram below:
Figure1: Experimental setup of flexible joint manipulator The nonlinear dynamic model of the flexible joint robot was formulated using Lagrange equations [8] . Other studies have used this model to design control for the flexible manipulator [8] [9] [10] . Table 1 gives the plant parameters. The input to the system is the voltage applied to the motor and the output is the tip angle, which is a sum of the motor angle, and the joint deflection,
. The system has two degrees of freedom which corresponds to the motor rotation angle ( ) and the rotation of the flexible joint ( ). A complete derivation of the dynamic model of the single link flexible joint manipulator is presented in [10] .
Choosing our state variables as:
The linearized equations of motion about zero equilibrium point of the manipulator represented in state space are given as a fourth order system in the equation below: 
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FEEDBACK CONTROLLER DESIGN
The flat output for the linear model of the flexible manipulator was derived using the method of Levine and Nguyen, [11] . The flat output was found to be the tip position of the flexible manipulator. The fourth order dynamics of the system was represented in terms of the flat output and its higher derivatives.
Representing all the states of the system in terms of the flat output 1 h and its derivatives up to the fourth order:
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and ( ) u t v (10) The dynamics of the fourth order system is now being replaced by a linear system in terms of the flat output:
The new control law for the equivalent linear system gives the flatness based feedback law given by v 2 2 Equation (16) represents a Hurwitz polynomial with roots specified in the left half of the complex plane.
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PARTICLE SWARM OPTIMIZATION TUNING OF CONTROLLER
Particle Swarm Optimization is an evolutionary computational technique inspired by the social behavior of birds flocking. Developed by Eberhart and Kennedy, PSO initiates a system with a population of random solutions called particles [3] . Within a suitable search space, these particles are updated by following their current optimum particles. The best position achieved so far for a particle is called Pbest. The current particle position is compared with the previous ones and the best solution is updated. The best position attained so far by any particle in the population is called Gbest. The particles also move in a swarm with a specific velocity which is also updated. The function to be optimized is called the fitness function. This determines the optimality of the solution. During every iteration, the fitness of each particle is updated by these two "best" values.
After finding the two best values, the particle updates its velocity and positions with the following: The fitness function chosen as the cost function to be minimized is the tip position of the manipulator. The robot's position during stabilization is given by:
The controller performance is appraised by the error criterion in equation (19) . In this study the integral time square error (ITSE) is used for the cost function. Where t is the time from 0 to the settling time T . The controller constants are represented by the swarm particles. These constants are continuously adjusted to minimize the given objective function.
The block diagram for the PSO based flat control of the flexible manipulator is shown below: 
SIMULATION RESULTS
Using the parameters in tables 1 and 2, simulations were carried out and the results are presented in figure 3 . After 200 iterations, the cost function showed a convergence. The optimal feedback controller gains obtained for the flat controller is given in table 3. The figure shows the tracking of a square wave trajectory. The results show satisfactory performance for the flat controller but with some overshoots. To obtain better performance, the tuned gains optimized with PSO achieved a better result as seen in figure 3a . No overshoots were experienced with the optimal controller gain set. Figure 3b shows the velocity response of the manipulator tip with the tuned gains. It is apparent from the results that the problem of vibrations for the flexible link in being taken care of by tuning the gains optimally.
CONCLUSION
Intelligent tuning of a flatness based controller for a flexible link manipulator has been carried out in this study. It is shown that for optimal control of the flexible manipulator using the flat controller, tuning with the PSO algorithm gives good controller tracking performance. Tuning with the proposed method saves time since the PSO algorithm is easy to implement. The designer also needs not worry about the complexity of the controller system dynamics. The proposed method can tune controllers of any order. Further work will involve tuning the system online with flatness based trajectories. 
